The goal of this study was to investigate the expression of angiogenesis-associated genes in heart tissue in response to short-term exercise. Twenty-six male mice were divided randomly into sedentary and swimming-trained groups. Mice swam without a load for 50 min/day. Swimming training was carried out in six 50-min training sessions over a 9-day period. The mRNA for angiogenesis-related factors, including hypoxia inducible factor-1α (HIF-1α), vascular endothelial growth factor (VEGF), fms-like tyrosine kinase (Flt-1), and kinase insert domain-containing receptor/fetal liver kinase-1 (KDR/Flk-1), was analyzed using real-time reverse transcriptase-polymerase chain reaction (RT-PCR). Also, semi-quantitative RT-PCR was carried out to further determine which of the VEGF isoforms changed in heart tissue. Swimming training significantly increased HIF-1α (1.5-fold), VEGF (2.2-fold), Flt-1 (1.9-fold), and KDR/Flk-1 (2.4-fold) mRNA levels. Also, VEGF188 and VEGF164 mRNA levels were elevated but their relative abundance was the same as in sedentary mice. These results suggest that short-term swimming training stimulates not only the expression of VEGF mRNA, which may be due to increases in VEGF188 and VEGF164 mRNAs, but also Flt-1 and KDR/Flk-1 mRNAs in the heart.
Introduction
Many investigations have shown the effects of exercise training on cardiac capillaries [Koyama et al. (1998) ]. In young animals, exercise training generally increases capillary density, capillary length, and capillar y-to-fiber ratio [Hudlicka et al.(1992) ], i ndicat i ng that angiogenesis, refer r i ng to the formation of new capillaries from existing capillaries [Prior et al. (2004) ], would occur in heart tissue. This thesis is supported by evidence that, after 1 week of treadmill running training, proliferation of endothelial cells is detected in existing capillaries [White et al. (1998) ]. This event should be induced by specific angiogenic molecules. However, to our k nowledge, this fact has not been clarified concerning the expression of angiogenesis-related factors in hear t tissue in response to exercise training. Thus, more information is needed about molecular mechanisms involved in tissue response to exercise stress and exercise-induced angiogenesis.
Vascular endothelial g row th factor (V EGF) plays a crucial role in vascular development as well as physiological and pathological angiogenesis [Cross et al. (2003) ]. Alter native splicing of a single gene consisting of eight exons [Tischer et al. (1991) ] leads to six isoforms of this homodimeric m ole c u le c o n si s t i n g of V E GF121, V E GF145, VEGF165, VEGF183, VEGF189, and VEGF206 amino acid residues, respectively [Poltorak et al. (1997) , Poltorak et al. (2000) ]. Murine VEGF isoforms are shorter than human VEGF isoforms by one amino acid [Ferrara and Davis-Smyth (1997) ]. In murine heart tissue, VEGF188, VEGF164, and VEGF120 are detected by using RNase protection assay [Ng et al. (2001) ] and RT-PCR [Ishii et al. (2002) ]. These isoforms have different affinities for heparin sulfate as well as for the three known receptors, Expression of vascular endothelial growth factor and its receptors in heart tissue following short-term swimming training fms-like tyrosine kinase (Flt-1), and kinase insert domain-containing receptor/fetal liver kinase-1 (KDR/Flk-1), and neuropilin-1. VEGF120 does not bind heparin sulfate and is freely diffusible, whereas VEGF188 has heparin binding site and is primarily associated with the cell surface and extracellular matrix, and VEGF164 has intermediate properties [Ferrara and Davis-Smyth (1997) ]. VEGF121 and VEGF165 can bind to both KDR/Flk-1 and Flt-1 on endothelial cells [Neufeld et al. (1999) ]. Furthermore, it has been reported that neuropilin-1 is a co-receptor for VEGF164, but that VEGF120 fails to bind it [Soker et al. (1998) ]. These findings suggest that differential extracellular localization and/or receptor binding may result in distinct functions for the different VEGF isoforms [Ng et al. (2001) ]. As VEGF164 has been proposed to be the most abundant and presumably major biologically active form [Petrova et al. (1999) ], we hypothesized that exercise training would mainly affect the expression of this isoform. The biological effects of VEGF are mediated by two tyrosine kinase receptors, Flt-1 and KDR/Flk-1 [Fer ra ra (20 01)] , which a re expressed al most exclusively on endothelial cells. The signaling and biological properties of these two receptors are strikingly different [Ferrara (2001) ]. Although the affinity of VEGF is about 10-fold higher for Flt-1 than for KDR/Flk-1, the latter appears to be the major receptor to convey VEGF-induced signals, including proliferation, migration, and survival [Petrova et al. (1999) ]. Thus, VEGF-KDR/Flk-1signal appears to be involved in angiogenesis in heart tissue, especially in response to exercise training.
It is generally assumed that several local metabolic factors would trigger angiogenesis in heart tissue [Hudlicka et al. (1992) ]. Among factors, hypoxia has been thought to be a stimulus for capillary growth in heart tissue [Hudlicka et al. (1992) ]. Hypoxia is known to be a mediator of VEGF [Shweiki et al. (1992) ] and Flt-1 [Gerber et al. (1997) ] genes, which are mediated at least in part, by the binding of hypoxia inducible factor 1 (HIF-1) to an HIF binding site located in the promoters of these genes [Levy et al. (1995); Gerber et al. (1997) ]. It is likely that HIF-1 α plays a very general role by signaling the existence of hypoxia to the transcriptional mechanism in the nucleus of all cells [Semenza (2000) ]. Thus, HIF-1 α and several hypoxia-regulated genes, including V EGF and Flt-1 genes may be modulated in a coordinated manner in heart tissue during exercise training.
Recently, Husain (2004) has demonstrated that VEGF expression is up-regulated at mRNA and protein levels in rat heart tissue after an 8-week treadmill running program, suggesting that the increased VEGF would physiologically function through its interaction with Flt-1 and KDR/Flk-1. Unfortunately, these researchers have not explored expression levels of Flt-1 and KDR/Flk-1 in heart tissue in response to exercise training. In the present study, we selected swimming as a model for exercise training, because typical laboratory rodents such as rat and mice have natural swimming ability [Dawson and Horvath (1970) ]. We hypothesized that (1) short-term swimming training would enhance expression levels of not only VEGF but also its receptor mRNA in heart tissue and (2) would mainly affect the expression of VEGF164 isoform in heart tissue. The purpose of this study was therefore to investigate expression levels of HIF-1α, VEGF, Flt-1, and KDR/Flk-1 mRNA by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and those of VEGF isoforms by semi-quantitative RT-PCR following short-term swimming training.
Materials & Methods

Animal care
Male CD-1 mice, at ten-weeks old, were purchased from CLEA (Tokyo, Japan). The mice were housed in the animal facility under a 12-12 h light-dark cycle at room temperature (23±2°C) and 55±5% humidity. The mice were maintained on a diet of rodent chow (CE-2, CLEA Japan) and given water ad libitum.
Training protocol
The mice were divided randomly into sedentary (n=12) and swim trained (n=14) groups. Exercise protocol was carried out according to previous study (Nakao, et al., 2000) with minor modification. Seven mice swam simultaneously without any load in a bath measuring 20 × 40 cm (diameter and height) for 50 min/day. Water temperature was controlled every 10 min 34-35°C. The group swimming was used because it promotes more vigorous exercise than when mice are allowed to swim alone [Ueno et al. (1997) ]. Prior to swimming training, mice were accustomed to swimming in a bath that we http://www.soc.nii.ac.jp/jspe3/index.htm 93 developed. Swimming training was executed over a 9-day period (six 50 min training sessions in total). Mice were given a rest day following 2 consecutive training days. All procedures in the animal experiments were performed in accordance with the guidelines presented in the Guiding Principles for the Care and Use of animals in the Field of Physiological sciences, published by the Physiological Society of Japan, based on the Declaration of Helsinki, 1964. This study was approved by the Animal Committee of the National Institute of Fitness and Sports.
Serum L-lactic acid analysis
Blood samples were taken from the tail after 60 min of swimming exercise (First training session) and immediately deproteinized in 0.8M perchloric acid, centrifuged, and the serum L-lactic acid concentration was determined with Determiner LA (KYOWA MEDEX, Tokyo, Japan).
RNA extraction and cDNA synthesis
Approximately 24 h after last training session (to attenuate acute exercise effect), cardiac muscles from mice were quickly excised and frozen in liquid nitrogen. Tissues were then transferred to glass homogenizers on ice, and 1 ml TRI reagent (Molecular Reserch Center, Cincinnati, OH) was added per 50 mg tissue. RNA integrity was confirmed by denaturing agarose gel electrophoresis, and the concentration was quantified by measuring the optical density (OD) at 260 nm. All samples had an optical density ratio (OD260/OD280) of at least 2.0. The DNase-treated total RNA (1 μg) was then converted into cDNA using First-strand cDNA synthesize system for quantitative RT-PCR (Marligen Biosciences, Ijamsville, MD). The cDNA samples were aliquoted and stored at -80 °C.
Real-time PCR
R e a l -t i m e P C R w a s p e r f o r m e d u s i n g a n OPTICON TM DNA Engine (MJ Research, Waltham, MA) according to the manufacturer's instructions. The cDNA samples (n=9 per group) were randomly selected from 12 sedentary mice and 14 trained mice. Amplification was carried out using DyNAmo TM SYBR Green qPCR Kit (FINNZYMES OY, Espoo, Finland). All primers used in this study (Table  1) were obtained from ESPEC OLIGO SERVICE (Ibaraki, Japan). Differences in gene expression were calculated using relative quantification to 28S rRNA, via the standard curve method, according to User Bulletin #2. 28S rRNA was confirmed as an appropriate normalizer by comparing the differences in raw threshold cycle values, that is, the cycle number of amplification at which the signal is detected above the background and is in the exponential phase. A standard curve was constructed from a 10-fold serially diluted cDNA from cardiac muscle. Each sample was normalized by its 28S 
Semi-quantitative RT-PCR for VEGF isoforms
The total RNA samples (n=5 per group) were randomly selected from 12 sedentary mice and 14 trained mice. RT-PCR was carried out using One
Step RNA PCR Kit (AMV) (TaKaRa, Japan). PCR was conducted with primers 5'-gcgggctgcctcgcagtc-3' (forward) and 5'-tcaccgccttggcttgtcac-3' (reverse) [Marti and Risau (1998) ], respectively, corresponding to base pairs 16-33 and 659-640 of the mouse VEGF cDNA sequence. RT-PCR products were 716 bp (VEGF188), 644 bp (VEGF164), and 512 bp (VEGF120), respectively. The amplification profile was 94°C for 1min, 65°C for 1 min, and 72°C for 1.5 min for 22 cycles, at which PCR was in the linear range with respect to input of total RNA. Aliquots of the PCR reaction were size-separated on 2% agarose gel in TAE (0.04 M Tris-acetate, 0.001M EDTA). The agarose gels were stained with ethidium bromide and photographed under ultraviolet light. The density of each amplified band was measured using image analysis software, Gel-Pro Analyzer 4.0 for Windows (Media Cybernetics, MD). Each sample was normalized by its 28S rRNA content.
Statistics
Data are expressed as means ± SD. Comparisons between sedentary group and swimming trained group were assessed by Student's t-test. The level of significance was set at p<0.05.
Results
Effects of swimming training on body weight and serum L-lactic acid concentration
The body weight of swimming-trained mice was not significantly different from that of sedentary mice (34.8 ± 1.7 and 35.2 ± 1.4 g, respectively). We measured the blood lactate concentration as an index of anaerobic metabolism after a single swimming exercise. The blood lactate concentration in swimming-exercised mice (8.2± 2.9 mM, n=14) was significantly higher than that in sedentary mice (3.6± 0.8 mM, n=12).
Effects of swimming training on the expression of HIF-1α, VEGF, Flt-1, and KDR/Flk-1 mRNA
To examine whether angiogenesis-related factors in heart tissue are modulated in response to short-term swimming training, we carried out real-time RT-PCR analysis. The effects of swimming training on VEGF, Flt-1, and KDR/Flk-1 gene expression are shown in Figure 1 Swimming training significantly increased VEGF (2.2-fold), Flt-1 (1.9-fold), and KDR/Flk-1 (2.4-fold) mRNA expression. Because hypoxia is a powerful inducer of angiogenesis, we also analyzed the mRNA of hypoxia-inducible transcription factor 1 alpha (HIF-1α). We found that it was up-regulated 1.5-fold in the heart tissue from swimming-trained mice (Figure 1) . 
Effects of swimming training on the expression levels of VEGF mRNA
To further determine which VEGF isoforms were increased in the heart tissue in response to short-term swim training, we carried out semi-quantitative RT-PCR. The primers were expected to amplify multiple VEGF isoforms produced by alternative splicing. As shown Figure 2 , as expected, the three VEGF isoforms (VEGF188, VEGF164, and VEGF120) were observed in an agarose gel as bands at 716, 644, and 512 bp, respectively. The expression levels of VEGF120 mRNA were very low in heart tissue, although VEGF120 mRNA was detectable after additional PCR cycles (25 cycles; data not shown). Swimming training significantly increased VEGF188 and VEGF164 mRNA levels but their relative abundance remained unchanged in sedentary and swimming-trained groups (Figure 3) .
Discussion
In the present study, we have demonstrated that the expression levels of the major factors involved in angiogenesis in heart tissue are modulated in response to short-term swimming training. The main findings of this study were that (1) short-term swimming training increased the expression of VEGF mRNA; (2) the increases in the level of VEGF mRNA appeared to be due to increases in http://www.soc.nii.ac.jp/jspe3/index.htm 96 the expression of mRNAs for two VEGF isoforms, EGF188 and VEGF164; and (3) short-term swimming training increased levels of Flt-1 and KDR/Flk-1 mRNA.
We used swimming as a training mode because it has many advantages over other types of exercise such as treadmill running [Dawson and Horvath (1970) ]. One of the advantages is that we can observe the natural behavior of the rodents [Dawson and Horvath (1970) ]. Also, practice before the experiment is not necessarily required because rodents have a natural swimming ability, and it is assumed that they are highly motivated to avoid drowning when fatigue is imminent, assuring a high level of performance. Indeed, although minimal diving was observed in mice as previously described [Kaplan et al. (1994) ], their hind limbs were vigorously active during swimming with relative low muscular activity performed by their forelimbs. In the present study, the accumulation of blood lactate was observed after a single swimming exercise, suggesting that mice depend on anaerobic metabolism. Thus, the swimming training program used in this study may be sufficient to stimulate gene expression in the heart.
We studied the response of several genes that are known to be regulated by hypoxia to short-term swimming training. A 1.5-fold increase in the level of HIF-1α mRNA was observed in heart tissue after the training, suggesting that the increase in HIF-1α mRNA may be involved in the elevation of VEGF and Flt-1 mRNA. A similar observation was reported by Tham and colleagues (2002) . They have shown that HIF-1α mRNA also transcripts for its target genes, including VEGF [Carmeliet et al. (1998); Iyer et al (1998) ; Ryan et al. (1998) ], Flt-1 [Gerber et al. (1997) ], glyceraldehyde-3-pho sphate dehydrogenase [Iyer et al. (1998) ; Wood et al. (1998) ], and glucose transporter type 1 [Iyer et al. (1998) ; Ryan et al. (1998); Wood et al. (1998) ], and that they are up-regulated in a mouse model of dilated cardiomyopathy. These observations indirectly suggest that the elevated HIF-1α mRNA levels correlate with the increased HIF-1α activity. However, further studies are required to elucidate the role of HIF-1α in the regulation of these genes during swimming exercise because the regulation of HIF-1α expression and activity in vivo occurs at multiple levels, including mRNA expression, protein expression, nuclear localization, and transactivation [Semenza (2000) ].
As previously shown [Husain (2004) ], a 2-fold increase in the levels of VEGF mRNA was observed in the heart tissue following short-term swimming training. This elevation in VEGF mRNA may be explained by the increases in mRNAs for the VEGF188 and VEGF164 isoforms. Although this observation does not support our hypothesis that swimming exercise mainly affects the expression of VEGF164, it suggests that swimming exercise may regulate the expression of both VEGF isoforms in a similar manner. The existence of multiple VEGF isoforms raises the possibility that individual VEGF isoforms might play different roles in heart tissue. This assumption is supported by the fact that individual VEGF isoforms exhibit different binding affinities towards heparin sulfate and, hence, have different extracellular localizations and accessibilities to endothelial cells [Park et al. (1993); Ferrara and Davis-Smyth (1997) ]. The individual roles of VEGF188 and VEGF164 cannot be determined from the present study, but several reports have shown that the more diffusible isoforms (VEGF120, VEGF144, and VEGF164) induce proliferation of endothelial cells and in vivo angiogenesis [Kusters et al. (2003) ; Park et al. (1993); Poltorak et al. (1997) ], whereas VEGF188, which binds tightly to heparin sulfate proteoglycans in the extracellular matrix accumulates as an inactive form. If this isoform may be released by plasmin following cleavage at the carboxyl-terminal domain [Keyt et al. (1996) ] in vivo, the protein may become available to endothelial cells. However, removal of the carboxyl-terminal domain, due to plasmin cleavage, results in a substantial loss of mitogenic activity for vascular endothelial cells [Keyt et al. (1996) ]. Although the physiological role of this isoform remains to be elucidated, VEGF188 is proposed to be involved in vessel maintenance and specialization [Ng et al. (2001) ].
In the present study, short-term swim training enhanced the expression levels of F l t -1 a n d KDR/Flk-1 mRNA in the heart, which is, to our knowledge, the first study dealing with the potential regulation of these receptors. The signaling and biological properties of these two receptors are known to be strikingly different [Ferrara (2001) ]. KDR/Flk-1 is considered to be the major mediator of several physiological and pathological effects of VEGF on endothelial cells [Cross et al. (2003) ]. This receptor is involved in endothelial cell proliferation, http://www.soc.nii.ac.jp/jspe3/index.htm 97 survival, and migration [Petrova et al. (1999) . Thus, activation of the VEGF-KDR/Flk-1 signal pathway may be a factor leading to cardiac muscle capillarity. Although the role of Flt-1 in the adult animal is less clearly defined than that of KDR/Flk-1, Flt-1 mRNA is expressed in both proliferating and quiescent endothelial cells, suggesting that it participates in the maintenance of endothelial cells [Peters et al. (1993) ]. Although Flt-1 is generally assumed to be mainly a decoy receptor for VEGF [Ferrara (2001) ], binding of placental growth factor (PIGF), a member of the VEGF family, to Flt-1 may indirectly activate KDR/Flk-1 and induce angiogenesis [Autiero et al. (2003); Ferrara et al. (2003) ]. However, it has been shown that mice with mutation in gene coding for PIGF increase vessel density and capillary/myocyte ratio after a 6-week training period [Gigante et al. (2004) ], suggesting that PlGF-Flt-1 signal may be not necessary for exercise-training-induced angiogenesis.
It has been shown that DNA labeling of endothelial cells in existing capillaries increases in swine heart 1 week after exercise training [White et al. (1998) ], indicating endothelial cell proliferation occurring in the sprout, which is a hallmark of angiogenesis and is a step in the development of new capillaries from preexisting blood vessels [Clark and Clark 1939] . This process may be, at least partly, associated with the activation of the VEGF-KDR/Flk-1 signal pathway during exercise training. Although we did not evaluate VEGF and KDR/Flk-1 protein levels, other studies [Suzuma et al. (2001) ; Zheng et al. (2001) ] have shown a correspondence between elevated mRNA levels and increased protein expression for VEGF and KDR/Flk-1. Thus VEGF and KDR/Flk-1 protein levels should provide an important stimulus for angiogenesis during the training program phase.
Other angiogenic factors can also contribute to angiogenesis. For example, transforming growth factor-β (TGF-β) appears to be up-regulated in exercise-induced hypertrophied cardiac muscle [Calderone et al. (2001) ] but appears to be an indirect angiogenic factor [Robinson and Stringer (2001) ]. Although fibroblast growth factor-2 (FGF-2) is a potent mitogen for endothelial cells, smooth muscle cells, and fibroblasts [Prior et al. (2004) ], it remains unknown whether FGF-2 may be up-regulated in heart tissue in response to exercise training. Nonetheless, FGF-2 may contribute to the continuation of angiogenesis as it is released from storage sites on degradation of extracellular matrix [Vlodavsky et al. (1991) ]. Interestingly, in vitro studies have shown that TGF-β may regulate VEGF expression [Zheng et al. (2001) ] and that FGF-2 can also potentiate VEGF [Stavri et al. (1995) ] and KDR/Flk-1 [Hata, et al., 1999] expression. These findings suggest that angiogenic factors and their actions are intricately interrelated with angiogenesis and that VEGF appears to be central in the process of initiating angiogenesis. However, the network interaction between the various angiogenic factors has not been fully understood. Thus further studies will be required to ascertain the role of growth factors in the in vivo process of exercise-associated angiogenesis.
In conclusion, the present results show that short-term swimming training induces increases in VEGF in heart tissue, which appears to be due to an increase in VEGF188 and VEGF164 mRNA. The expression of Flt-1 and KDR/Flk-1 mRNAs is also enhanced. Although the mechanism by which swimming exercise regulates the gene expression of angiogenesis-related factors remains to be identified, these findings suggest the possibility that swimming training is a positive stimulator of VEGF and VEGF receptor mRNA expression in heart tissue.
